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Abstract 

Glutathione transferases (GSTs) are a family of multifunctional enzymes involved in xenobiotic 
biotransformation, drug metabolism, and protection against oxidative damage. The p38b 
mitogen-activated protein kinase is involved in cellular stress response. This study screened 
interactions between Drosophila melanogaster Meigen (Diptera: Drosophilidae) Delta class 
glutathione transferases (DmGSTs) and the D. melanogaster p38b MAPK. Therefore, 12 
DmGSTs and p38b kinase were obtained as recombinant proteins. The study showed that 
DmGSTD8 and DmGSTDl lb significantly increased p38b activity toward ATF2 and jun, which 
are transcription factor substrates. DmGSTD3 and DmGSTD5 moderately increased p38b 
activity for jun. In addition, GST activity in the presence of p38b was also measured. It was 
found that p38b affected substrate specificity toward CDNB (l-chloro-2,4-dinitrobenzene) and 
DCNB (l,2-dichloro-4-nitrobenzene) of several GST isoforms, i.e., DmGSTD2, DmGSTD5, 
DmGSTD8, and DmGSTDl lb. The interaction of a GST and p38b can affect the substrate 
specificity of either enzyme, which suggests induced conformational changes affecting catalysis. 
Similar interactions do not occur for all the Delta enzymes and p38b, which suggests that these 
interactions could be specific. 
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Introduction 



Glutathione transferases (GSTs), phase II 
metabolizing enzymes, comprise a large 
family of enzymes that catalyze the 
conjugation of tripeptide glutathione (GSH) to 
a variety of electrophiles. These substrates 
include lipid hydroperoxides generated by 
oxidative stress, as well as xenobiotics, 
allowing for their inactivation and more rapid 
excretion (Hayes et al. 1995; Armstrong 1997; 
Sheehan et al. 2001; Awasthi et al. 2004). In 
mammals, GSTs are categorized into seven 
distinct classes based on the amino acid 
sequence identity, physical structure of the 
genes (intron number and position), and 
immunoreactivity properties: Alpha, Mu, Pi, 
Sigma, Theta, Zeta, and Omega, (Hayes et al. 
2005; Frova 2006). Apart from cellular 
detoxification roles, GSTs also act as transport 
and ligand binding proteins. There are several 
reports that GSTs can interact and modulate 
proteins in mitogen-activated protein kinase 
(MAPK) pathways, i.e., Jun N-terminal kinase 
(JNK/SAPK), TRAF2, and ASK1 (Adler et al. 
1999; Cho et al. 2001; Wu et al. 2006; Zhao et 
al. 2006; Laborde 2010). 

Briefly, cellular behavior in response to 
extracellular stimuli is mediated via 
intracellular signaling pathways such as the 
MAPK pathways. At least three families have 
been characterized: extra-cellular signal- 
regulated kinase, JNK/SAPK, and p38 
MAPK. Each group of MAPKs can be 
stimulated by a separate protein kinase 
cascade that includes the sequential activation 
of a specific MAPK kinase kinase and a 
MAPK kinase, which in turn phosphorylate 
and activate their downstream MAPKs. The 
p38 families are of particular interest, as the 
activation of p38 relays extracellular stimuli 
to transcription factors, such as ATF2, jun, 
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p53, etc., as well as protein kinases. The p38 
pathway, therefore, regulates gene expression, 
apoptosis, differentiation, proliferation, and 
especially inflammation, which is a crucial 
factor in the pathogenesis of several different 
human diseases, including neural diseases, 
making the pathway a potential target for 
development of anti-inflammatory 
therapeutics (Zarubin et al. 2005; Aracena- 
Parks et al. 2006; Coulthard et al. 2009; Yong 
et al. 2009; Yasuda et al. 2011). In addition, 
knowledge of GST modulation of proteins in 
MAPK signaling would be an alternative 
target in therapy. However, the possibility of 
GSTs modulating the p38 pathway remains 
unknown. Evidence based on GST and INK 
studies suggest that GSTs could be involved 
in regulation of the p38 signaling pathway. 
For example, GSTs have been shown to be 
involved in the H 2 C>2-activated p38 signaling 
pathway. It was found that 129 vascular 
smooth muscle cells, which contain higher 
levels of GSTM1 compared with C57BL/6 
vascular smooth muscle cells, demonstrated 
significantly less p38 phosphorylation 
compared with C57 after H2O2 exposure 
(Yang et al. 2009). Knockdown of GSTM1 by 
siRNA resulted in increased p38 kinase 
phosphorylation. Similar results were found in 
RAW264.7 cells transient and stable 
transfected with GSTP1 (Xue et al. 2005). 
GSTP1 demonstrated an inhibitory effect on 
mediating LPS-induced p38 MAPKs 
activation. GST also has been shown to 
inhibit the activation of the ASKl-p38 
signaling pathway (Dorion et al. 2002). In 
stress conditions, such as heat shock or 
exposure to H2O2, GSTM1 is thought to be 
released from ASK1, leading to activation of 
ASK1 and its downstream targets. However, a 
different role for GST interaction with p38 
was observed in a 3T3 cell line. This cell line 
had low basal level of GST pi. Inducing 
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higher expression of GST pi, using a time- 
dependent gradual increase in expression, 
showed a substantial increase in p38 
phosphorylation. Moreover, the effect of GST 
pi expression on stress kinases following 
exposure to H2O2 treatment increased p38, 
extra-cellular signal-regulated kinase, and IkB 
kinase activities. GST pi expression reduced 
the degree of H 2 C>2-induced INK 
phosphorylation. These observations 
suggested a coordinated regulation of stress 
kinases after H2O2 treatment of GST pi 
expressing cells (Yin et al. 2000). 

The p38 MAPK studies in mammals are 
complex; there are many isoforms of p38, so 
pathway interpretation is difficult. Drosophila 
melanogaster Meigen (Diptera: 

Drosophilidae) was chosen for this study 
because the components of the stress activated 
protein kinase pathways are structurally and 
functionally conserved, and not as 
complicated as in mammals. For example, 
there are only two isoforms in D. 
melanogaster, p38a and p38b (Han et al. 
1998). p38b recombinant protein was used in 
our study, because p38a mutant flies do not 
show effects in their longevity or 
developmental consequences (Craig et al. 
2004). Dominant negative p38b affects the 
wing imaginal disc and the process of wing 
morphogenesis (Adachi-Yamada et al. 1999). 
In addition, genetic ablation of p38b resulted 
in small flies consisting of small cells. The 
p38 mutants are nutrition sensitive; low- 
nutrient food accentuates the small-organism 
phenotypes, including partial lethality (Cully 
et al. 2010). In adult flies, p38b has a role in 
the balance between intestinal stem cell 
proliferation and appropriate differentiation in 
adult midgut (Park et al. 2009). In addition, 
the sensitivity to microbial infection was 
significantly higher in p38b mutant flies, 
which suggested that the p38 pathway 
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contributed to D. melanogaster host defense 
against microbial infection (Chen et al. 2010). 

We are interested in elucidating the 
interaction of GST with the D. melanogaster 
p38b kinase. An in vitro kinase assay was 
used to measure p38b activity in the presence 
and absence of GST in order to determine 
substrate specificity changes toward two 
kinase substrates, ATF2 and jun. Kinase 
effects on GST activity toward two classical 
GST substrates, CDNB (l-chloro-2,4- 
dinitrobenzene) and DCNB (l,2-dichloro-4- 
nitrobenzene) were also studied. Our data 
showed interactions occurred between several 
GST isoforms and p38b kinase. 

Materials and Methods 

Cloning of D. melanogaster DmGSTs, p38b, 
and ATF2 

For GST cloning, mRNAs were isolated from 
a D. melanogaster S2 cell line, whereas for 
the MAPK pathway proteins, the mRNAs 
were isolated from the D. melanogaster adult 
fly by using TRIzol™ LS reagent (Gibco 
BRL, http://www.lifetechnologies.com/ ), as 
described in the manufacturer's instructions. 
The first strand cDNA was synthesized by 
using SUPERSCRIPT™ II Rnase H Reverse 
Transcriptase (Gibco BRL), according to the 
manufacturer's protocol. The sets of 
oligonucleotide primers for D. melanogaster 
proteins were designed according to specific 
5' and 3' sequences of genes obtained from 
the Genbank database. The recombinant 
clones were verified by full-length sequencing 
in both directions. Escherichia coli BL21 
(DE3)pLysS recombinant clones were used 
for protein expression. 
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Purification of D. melanogaster DmGSTs, 
p38b, ATF2, andjun 

Protein purification of DmGSTDl, 
DmGSTD2, DmGSTD7, DmGSTD9, 
DmGSTDl la, and DmGSTDl lb was 
performed using GSTrap affinity 
chromatography, according to the 
manufacturer's instruction. For the 
purification of DmGSTD3, DmGSTD5, 
DmGSTD6, DmGSTD8, and DmGSTDIO, 
first a HiTrap Q XL anion exchanger, then a 
HiTrap phenyl Sepharose column, were 
employed. The conditions for the first column 
were 50 mM Tris pH ranging from 7.5 to 8.5, 
and salt elution from 50 to 300 mM, 
depending on the GST. The enzymes eluted 
from the second column with a decreasing salt 
gradient in 50 mM Tris pH 8.0. For the 
purification of DmGSTD4, the first column 
was HiTrap Q-HP, and isocratic elution with 
50 mM Tris pH 8.0. The elution was 
collected, concentrated, and desalted with 
HiTrap desalting column using 50 mM 
phosphate buffer pH 6.5 for application to the 
second column, a HiTrap SP-XL. DmGSTD4 
was applied, and the flow through fraction 
with the enzyme was collected. 

The purification of p38b was performed as 
previously described (Bukhtiyarova et al. 
2004). For ATF2, a HiTrap Chelating HP (GE 
Healthcare, www . gehealthc are .com ) charged 
with N1CI2 was used according to the 
manufacturer's instruction. The expression 
and purification of jun was carried out as 
previously described (Udomsinprasert et al. 
2004). The purified proteins were stored in 
50% glycerol, 10 mM DTT, 50 mM phosphate 
buffer pH 6.5 for GSTs, or 50 mM Tris-HCl 
pH 8.0 for kinase proteins at -20° C. 

Protein kinase assays 

The p38b present in each of the different D. 
melanogaster GST isoforms was assayed for 
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activity using ATF2 or jun as substrate. 
Kinase activity assays were performed using 
the ADP Quest Assay (DiscoveRx, 
http://www.discoverx.com/ ). Kinase activity 
was monitored using a fluorescence plate 
reader (Synergy™ HT, BIO-TEK®, 
http://www.biotek.com/ ) operating in kinetic 
mode (530 nm excitation and 590 nm 
emission). All proteins were desalted to 
remove DTT and glycerol before performing 
the kinase assay. Briefly, p38b (4ug) was 
combined using 1:1 molar ratio of GST and 
100 uM ATP in ADP assay buffer. The 
solution was incubated for 3 minutes at room 
temperature, before addition of 10 jog 
ATF2/jun, reagent A, and reagent B 
respectively. All reactions were performed in 
a final volume of 100 ul. Fluorescence 
intensity values were plotted against time to 
obtain a slope. The correlation between 
fluorescence intensity and time was linear. 
The background reaction rate, resulting from 
ADP degradation of the ATP stock solution, 
was measured in a reaction lacking enzyme. 
Enzyme activities were obtained by 
subtracting the slope of background from the 
experimental sets. All experiments were 
performed in triplicate, and the activities were 
calculated using Graphpad Prism 4.0 
(GraphPad Software, Inc., 

http://www.graphpad.com/ ). 

GST activity assays and effect of p38b on 
GST activity 

GST activities were measured 
spectrophotometrically (Spectra MR 
Microplate spectrophotometer, DYNEX 
technologies, 

http ://www. dynextechnologies .com/ ) . All 
measurements were performed between 25- 
27° C in 0.1 M potassium phosphate buffer 
(pH 6.5 or 7.5). The activity was measured by 
the conjugation of GSH with the hydrophobic 
substrates CDNB, DCNB, PNBC (p- 
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Table I . Specific activity of Drosophila melanogaster glutathione transferasesGSTs using various xenobiotic substrates. 



GSTs 


Specific activity (pmol/min/nig of protein) 


CDNB 


DCNB 


PNBC 


PNPB 


EA 


DmOS 1 V 1 


66.51 ±0.619 


0.115 ±0.002 


0.088 ± 0.002 


0.014 ±0.005 


ND 


DmGSTD2 


0.298 ± 0.028 


0.014 ± 0.001 


0.016 ±0.006 


0.008 ± 0.002 


ND 


Dm(jSTD3 


ND 


ND 


ND 


ND 


ND 


DmGSTD4 


0.092 ± 0.001 


ND 


<0.0005 


0.002 ± 0.001 


0.031 ± 0.011 


DmOb 1 D5 


4.387 ±0.344 


0.015 ± 0.001 


0.017 ± 0.002 


ND 


0.034 - 0.008 


DmGSTDo 


0.076±0.0103 


ND 


ND 


ND 


ND 


UnHj5> ID 1 


4.691 ±0.264 


0.007 ±0.001 


0.195 ±0.015 


ND 


ND 


DmGSTD8 


6.722 ±0.189 


0.005 ±0.001 


ND 


ND 


ND 


DmGSTD9 


1.998 ±0.095 


0.052 ± 0.0003 


<0.0017 


ND 


ND 


DmGSTDIO 


3.893 ± 0.083 


<0.0005 


0.010 ±0.002 


ND 


0.168 ±0.053 


DmGSTDlla 


318.8 ± 12.36 


0.146 ±0.002 


0.010 ±0.005 


ND 


0.053 ±0.019 


DmGSTDllb 


318.5 ±5.732 


0.082 ± 0.006 


ND 


ND 


ND 



Results are means ± SD for at least three separate assays. 

The substrate concentrations used were: I mM CDNB,; I mM DCNB,; 0.1 mM PNBC,; 0.1 mM PNPB, and 0.2 mM EA. ND is 
not detected. 



nitrobenzyl chloride), and PNPB (p- 
nitrophenethyl bromide) (Habig et al. 1974). 
The effect of p38b kinase on GST activity was 
examined by incubating GSTs and p38b using 
1:1 molar ratio at room temperature for 5 
minutes. Then GST activity toward CDNB 
and DCNB was measured in the presence and 
absence of p38b. The percent change was 
calculated based on the activity of each GST 
as 100% in the absence of p38b. 

Results 

Modulation of p38b kinase activity by the 
presence of DmGSTs 

To investigate whether D. melanogaster GSTs 
are capable of modulating the p38b activity, in 
vitro kinase activity was measured in the 
presence of the GSTs. Over all, DmGSTDl, 
DmGSTD2, DmGSTD4, DmGSTD6, 
DmGSTD7, DmGSTD9, DmGSTDIO, and 
DmGSTDlla had no effect on kinase activity 
for ATF2 (Figure 1). It was found that 
DmGSTD3 and DmGSTD5 slightly activated 
p38b, approximately 1.8 and 1.4 fold 
respectively, whereas DmGSTD8 and 
DmGSTDllb significantly increased p38b 
activity 6.5 and 7.1 fold respectively. Then, to 
determine whether p38b substrate specificity 
changes upon interaction with GST, jun was 



used as the kinase substrate. It was found that 
the effects of individual GSTs on p38b 
phosphorylation of jun were similar to ATF2 
(Figure 2). Moderate effects on 
phosphorylation by p38b were observed with 
DmGSTD3 and DmGSTD5. Both GSTs 
significantly increased p38b activity 2.6 and 
1.6 fold respectively for jun. DmGSTD8 and 
DmGSTDllb showed the greatest increase in 
p38b kinase activity,approximately 8.1 and 10 
fold respectively. Collectively, these data 
show that specific GSTs are capable of 
interacting with and modulating p38b MAPK. 



T 



_L 



^ if 



Figure I. Delta class glutathione transferases (DmGSTs) modulate 
p38b kinase activity toward the substrate ATF2 in Drosophila 
melanogaster. The histogram shows changes in fold activity the 
DmGSTs have on p38b phosphorylation rates compared to the 
reaction without DmGSTs. The experiments were performed in 
triplicate. One-way ANOVA with Dunnett's multiple comparison 
test was performed with kinase reaction lacking DmGST as a 
control; statistical significance is shown by ** for p <0.0 1 . High 
quality figures are available online. 
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Figure 2. Delta class glutathione transferases (DmGSTs) modulate p38b kinase activity toward the substrate jun in Drosophila 
melanogaster.TUe histogram shows changes in fold activity the DmGSTs have on p38b phosphorylation rates compared to the 
reaction without DmGSTs. The experiments were performed in triplicate. One-way ANOVA with Dunnett's multiple 
comparison test was performed with kinase reaction lacking DmGST as a control; statistical significance is shown by * for p 
<0.05 and ** for p <0.0 1 . High quality figures are available online. 



Several GSTs appear to increase the kinase 
activity for ATF2 and jun phosphorylation. 

GST substrate specificity 

An initial screen of the activities of the 12 
GSTs with 5 xenobiotic substrates was 
performed to identify substrates for use in 
monitoring enzyme changes that may occur in 
the presence of p38b MAPK. The substrates 
tested are classical GST substrates: CDNB (a 
general GST substrate), DCNB, 4- 
nitrophenethyl bromide, 4- 

nitrobenzylchloride, and ethacrynic acid 
(Mannervik et al. 1988; Hayes et al. 1995). 
The results are presented in Table 1. DmGST 
activities toward these substrates were 
different among the isoenzymes. CDNB, 
DCNB, and 4-nitrobenzylchloride were the 
best substrates among the tested GSTs. 
DmGSTDl la and DmGSTDl lb isoforms had 
the greatest activity toward CDNB. In 
addition DmGSTDl la had the greatest DCNB 



activity among the tested Delta GSTs. In 
contrast, DmGSTDl lb had DCNB activity 
only 0.5 fold of DmGSTDl la. DmGSTDl lb 
had no activity toward 4-nitrophenethyl 
bromide, 4-nitrobenzylchloride, and 
ethacrynic acid. DmGSTD7 had the greatest 
activity toward 4-nitrobenzylchloride. 4- 
nitrophenethyl bromide conjugating activity 
was shown only by DmGSTDl, DmGSTD2, 
and DmGSTD4, although DmGSTDl 
possessed 1.78 and 5.8 fold greater activity 
than DmGSTD2 and DmGSTD4, 
respectively. Unsurprisingly, DmGSTD3 was 
not active toward any of the five tested 
substrates, most likely because it is missing 15 
residues at the N-terminus, including the 
important catalytic serine. For pi class 
substrate ethacrynic acid, DmGSTDIO 
displayed the highest EA-conjugating activity. 

DmGST substrate specificity changes upon 
co-incubation with p38b are shown in Figure 
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Figure 3. p38b changes the substrate specificities of Delta class glutathione transferases (DmGSTs) in Drosophila melanogaster. 
DMGSTs and p38b were incubated in I : I molar ratio for five minutes at room temperature. DmGST activity was measured 
using CDNB and DCNB as substrates. The percentage change in DmGST activity was calculated by comparing the reactions in 
the presence and absence of p38b. Results shown are representative of triplicate independent experiments. High quality figures 
are available online. 

^ ' 



3. Interestingly, incubation with p38b 
increased DmGSTD2 activity toward DCNB 
approximately 37%, whereas it slightly 
decreased on testing with CDNB substrate. 
DmGSTD5 activity toward CDNB was 
decreased approximately 10%. A more severe 
reduction of about 40% was observed when it 
was incubated with p38b and tested with 
DCNB substrate. DmGSTD7 and DmGSTD8 
activities toward DCNB were increased 10% 
and 30% respectively. Unfortunately, 
DmGSTD6 was unstable, as incubation for 
five minutes at room temperature affected the 
enzyme stability, resulting in total loss of GST 
activity. 

Discussion 

In this study, we report the non-catalytic role 
of D. melanogaster Delta class GSTs in the 
modulation of p38 MAPK signaling pathway, 
as well as the role of p38b kinase protein in 



affecting substrate specificity of GSTs. There 
are two p38 genes in D. melanogaster, p38a 
and p38b. The amino acid sequence of p38b is 
75% identical to that of p38a (Han et al. 
1998). The p38b protein is highly conserved 
compared to the four human p38 isoforms, 
with a 55-73% amino acid identity and 72- 
87% sequence similarity. D. melanogaster 
GSTs are categorized into 6 classes (Tu et al. 
2005), with the Delta class being the most 
studied. There are 12 protein isoforms of 
Delta class GST. The enzymes share 30-91% 
amino acid identity, and 47-91% sequence 
similarity. 

DmGSTD3 lacks 15 amino acids at the N- 
terminus, including the serine residue that is 
involved in catalysis. Our results suggest a 
role for DmGSTD3 in p38b MAPK signaling, 
as DmGSTD3 interacted with p38b and 
increased jun phosphorylation rates 2.6 fold 
(Figure 2). As DmGSTD3 is inactive, this 
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finding indicates a non-catalytic role of 
DmGSTD3 in the modulation of p38b. This 
was also reported for GSTM1-1 (Y6F), an 
inactive mutant of mu class GST. The mutant 
was released from ASK1, the upstream 
activator of p38, during heat shock, which 
resulted in p38 activation (Dorion et al. 2002). 
In adult flies, treatment with the herbicide 
paraquot led to a significant increase in the 
relative amount of DmGSTD3, approximately 
1.3 fold (Alias et al. 2007). Paraquot is a 
potent herbicide that produces ROS during a 
cyclic reaction with oxygen. The ROS then 
damages the cell and results in lipid 
peroxidation products. Although DmGSTD3 
appears to lack enzymatic activity, there is 
accumulating evidence that suggests 
DmGSTD3 plays a role in oxidative stress 
response. This is possibly through the 
modulation of p38 MAP kinase pathway, 
which is known to be involved in stress 
response. 

DmGSTD2 is of interest because it lacks the 
serine that directly interacts with the GSH 
thiol. DmGSTD2, instead, has glycine in this 
position, although it still possesses detectable 
CDNB activity. Although DmGSTD2 did not 
appear to affect p38b activity, it was found 
that p38b could interact and increase 
DmGSTD2 activity 37% toward DCNB 
(Figure 3). A previous report showed 
DmGSTD2 had 4-HNE conjugating activity, 
suggesting a physiological function (Sawicki 
et al. 2003). 4-HNE is a lipid peroxidation 
product that can also affect cell signaling 
pathways (Awasthi et al. 2004). In addition, 
DmGSTD2 also played a role in the defense 
mechanism against oxidative stress. A 
previous DmGSTD2 study showed 
phenobarbital treatment of flies led to 
increases of approximately 1.7 fold in the 
relative amount of DmGSTD2 (Alias et al. 
2007). It has been reported that DmGSTD2 
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has peroxidase activity toward H2O2 and t- 
butyl hydroperoxide (Tang et al. 1994; 
Sawicki et al. 2003). Therefore, DmGSTD2 
appears to have roles in 4-HNE metabolism, 
and defense against oxidative stress. 

DmGSTD8 interacted with p38b and 
increased p38b phosphorylation toward both 
ATF2 and jun 6 fold and 8 fold respectively. 
Moreover p38b increased DCNB activity of 
DmGSTD8 approximately 30%, corroborating 
the interaction between the two proteins. 
Although this GST had no 4-HNE conjugating 
activity (Sawicki et al. 2003), it possessed 
peroxidase activity against cumene 
hydroperoxide. These data suggest 
DmGSTD8 may have multiple functions in 
oxidative stress response (Lee et al. 1995). 

Of the GSTs in this study, DmGSTD5 showed 
the greatest similarity to DmGSTD2 with an 
amino acid identity of 78% and a similarity of 
91%. In our study, p38b interacted with both 
DmGSTD2 and DmGSTD5, and slightly 
reduced CDNB activity of DmGSTD2 
(approximately 5%) and DmGSTD5 
(approximately 8%). Interestingly, p38b 
increased DmGSTD2 activity toward DNCB 
37%, but the p38b interaction decreased 
DmGSTD5 activity approximately 36%. 
However, DmGSTD5 affected p38b kinase 
activity by increasing the phosphorylation 
toward jun substrate approximately 1.5 fold, 
whereas DmGSTD2 did not change kinase 
activity of p38b. These data suggest that the 
GST-p38b kinase interaction is specific, and 
has a different impact on each protein. 

DmGSTDllb, which has the least similarity 
compared to other Delta GSTs (only 30-36% 
amino acid identity), significantly increased 
the ability of p38b to phosphorylate ATF2 and 
jun substrates. DmGSTDllb, compared to the 
DmGSTDlla isoform, possesses a 21 amino 
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acid extension at the N-terminus, resulting in 
the differences between the two alternatively 
spliced proteins. Both jun and ATF2 are 
components of the transcription factor AP-1, 
and these substrate phosphorylation rates are 
enhanced by DmGSTDllb. This suggests 
GSTs may self-regulate their own expression, 
as several GST genes have been shown to 
possess AP-1 regulatory elements (Hayes et 
al. 1995; Ding et al. 2005; Hayes et al. 2005). 

At present, only one study reports a GST role 
in modulating the p38 pathway by interaction 
with its upstream activator ASK1 (Dorion et 
al. 2002). It was found that heat shock led to 
the dissociation of GSTM1-1 from ASK1, and 
over expression of GSTM1-1 inhibited in a 
dose-dependent manner heat shock induced 
activation of p38. Our study is the first report 
of a direct interaction between GST and p38b 
that activates p38b activity. Although, a 
similar observation was reported previously 
for a GST that increased the phosphorylation 
of jun by JNK MAP kinase (Udomsinprasert 
et al. 2004). However, unlike previous reports, 
in our study we observed that none of the 
GSTs inhibited the kinase. Furthermore, either 
no effect on kinase activity or an activation of 
up to 8 to 10 fold was observed. Substrate 
specificity and phosphorylation efficiency of 
p38 MAPK signaling depends on the 
interactions of the docking domain of the 
downstream target consisting of the basic 
LXL motif, as well as hydrophobic residues, 
and the p38 binding motif consisting of CD 
and ED domains on the p38 surface (Barsyte- 
Lovejoy et al. 2002; Weston et al. 2002). 
Whether GSTs interact through these domains 
remains to be elucidated. In this screening 
study, the DmGSTs were recombinant 
proteins studied in an in vitro system; 
therefore, an in vivo study should be 
performed to confirm the observed effects are 
relevant in a cellular context. However, the 
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interaction between GSTs and p38b kinase 
appears to result in conformational changes 
that can affect substrate specificity in a 
manner distinctive for each protein. 

Acknowledgements 

This work was financially supported by the 
Thailand Research Fund, Grant No. 
RSA5280021, and Mahidol University. 

References 



Adachi-Yamada T, Nakamura M, Irie K, 
Tomoyasu Y, Sano Y, Mori E, Goto S, Ueno 
N, Nishida Y, Matsumoto K. 1999. Mitogen- 
activated protein kinase can be involved in 
transforming growth factor beta superfamily 
signal transduction in Drosophila wing 
morphogenesis. Molecular and Cellular 
Biology 19: 2322-2329. 

Adler V, Yin Z, Fuchs SY, Benezra M, 
Rosario L, Tew KD, Pincus MR, Sardana M, 
Henderson CJ, Wolf CR, Davis RJ, Ronai Z. 
1999. Regulation of JNK signaling by GSTp. 
EMBO Journal 18: 1321-1334. 

Alias Z, Clark AG. 2007. Studies on the 
glutathione S-transferase proteome of adult 
Drosophila melanogaster. responsiveness to 
chemical challenge. Proteomics 7: 3618-3628. 

Aracena-Parks P, Goonasekera SA, Gilman 
CP, Dirksen RT, Hidalgo C, Hamilton SL. 
2006. Identification of cysteines involved in 
S-nitrosylation, S-glutathionylation, and 
oxidation to disulfides in ryanodine receptor 
type 1 . Journal of Biological Chemistry 28 1 : 
40354-40368. 

Armstrong RN. 1997. Structure, catalytic 
mechanism, and evolution of the glutathione 



Journal of Insect Science | www.insectscience.org 



9 



Journal of Insect Science: Vol. 12 | Article 107 

transferases. Chemical Research in 
Toxicology 10: 2-18. 

Awasthi YC, Yang Y, Tiwari NK, Patrick B, 
Sharma A, Li J, Awasthi S. 2004. Regulation 
of 4-hydroxynonenal-mediated signaling by 
glutathione S -transferases. Free Radical 
Biology and Medicine 37: 607-619. 

Barsyte-Lovejoy D, Galanis A, Sharrocks AD. 
2002. Specificity determinants in MAPK 
signaling to transcription factors. Journal of 
Biological Chemistry 277: 9896-9903. 

Bukhtiyarova M, Northrop K, Chai X, Casper 
D, Karpusas M, Springman E. 2004. 
Improved expression, purification, and 
crystallization of p38alpha MAP kinase. 
Protein Expression and Purification 37: 154- 
161. 

Chen J, Xie C, Tian L, Hong L, Wu X, Han J. 
2010. Participation of the p38 pathway in 
Drosophila host defense against pathogenic 
bacteria and fungi. Proceedings of the 
National Academy of Sciences, USA 107: 
20774-20779. 

Cho SG, Lee YH, Park HS, Ryoo K, Kang 
KW, Park J, Eom SJ, Kim MJ, Chang TS, 
Choi SY, Shim J, Kim Y, Dong MS, Lee MJ, 
Kim SG, Ichijo H, Choi EJ. 2001. Glutathione 
S -transferase Mu modulates the stress- 
activated signals by suppressing apoptosis 
signal-regulating kinase 1 . Journal of 
Biological Chemistry 276: 12749-12755. 

Coulthard LR, White DE, Jones DL, 
Mcdermott MF, Burchill SA. 2009. 
p38(MAPK): stress responses from molecular 
mechanisms to therapeutics. Trends in 
Molecular Medicine 15: 369-379. 



Wongtrakul et al. 

Craig CR, Fink JL, Yagi Y, Ip YT, Cagan RL. 
2004. A Drosophila p38 orthologue is 
required for environmental stress responses. 
EMBO Reports 5: 1058-1063. 

Cully M, Genevet A, Warne P, Treins C, Liu 
T, Bastien J, Baum B, Tapon N, Leevers SJ, 
Downward J. 2010. A role for p38 stress- 
activated protein kinase in regulation of cell 
growth via TORC 1 . Molecular and Cellular 
Biology 30: 481-495. 

Ding Y, Hawkes N, Meredith J, Eggleston P, 
Hemingway J, Ranson H. 2005. 
Characterisation of the promoters of Epsilon 
glutathione transferases in the mosquito 
Anopheles gambiae and their response to 
oxidative stress. Biochemical Journal 387: 
879-888. 

Dorion S, Lambert H, Landry J. 2002. 
Activation of the p38 signaling pathway by 
heat shock involves the dissociation of 
glutathione S-transferase mu from Askl. 
Journal of Biological Chemistry 277: 30792- 
30797. 

Frova C. 2006. Glutathione transferases in the 
genomics era: new insights and perspectives. 
Biomolecular Engineering 23: 149-169. 

Habig WH, Pabst MJ, Jakoby WB. 1974. 
Glutathione S-transferases. The first 
enzymatic step in mercapturic acid formation. 
Journal of Biological Chemistry 249: 7130- 
7139. 

Han ZS, Enslen H, Hu X, Meng X, Wu I, 
Barrett T, Davis RJ, Ip YT. 1998. A 
conserved p38 mitogen-activated protein 
kinase pathway regulates Drosophila 
immunity gene expression. Molecular and 
Cellular Biology 18: 3527-3539. 



Journal of Insect Science | www.insectscience.org 



10 



Journal of Insect Science: Vol. 12 | Article 107 

Hayes JD, Pulford DJ. 1995. The glutathione 
S-transferase supergene family: Regulation of 
GST and the contribution of the isoenzymes to 
cancer chemoprotection and drug resistance. 
Critical Reviews in Biochemistry and 
Molecular Biology 30: 445-600. 

Hayes JD, Flanagan JU, Jowsey IR. 2005. 
Glutathione transferases. Annual Review of 
Pharmacology and Toxicology 45: 51-88. 

Laborde E. 2010. Glutathione transferases as 
mediators of signaling pathways involved in 
cell proliferation and cell death. Cell Death 
and Differentiation 17: 1373-1380. 

Lee HC, Tu CP. 1995. Drosophila glutathione 
S-transferase D27: functional analysis of two 
consecutive tyrosines near the N-terminus. 

Biochemical and Biophysical Research 
Communications 209: 327-334. 

Mannervik B, Danielson UH. 1988. 
Glutathione transferases - structure and 
catalytic activity. CRC Critical Reviews in 
Biochemistry 23: 283-337. 

Park JS, Kim YS, Yoo MA. 2009. The role of 
p38b MAPK in age-related modulation of 
intestinal stem cell proliferation and 
differentiation in Drosophila. Aging 1: 637- 
651. 

Sawicki R, Singh SP, Mondal AK, Benes H, 
Zimniak P. 2003. Cloning, expression and 
biochemical characterization of one Epsilon- 
class (GST-3) and ten Delta-class (GST-1) 
glutathione S-transferases from Drosophila 
melanogaster, and identification of additional 
nine members of the Epsilon class. 
BiochemicalJournal 370: 661-669. 

Sheehan D, Meade G, Foley VM, Dowd CA. 
2001. Structure, function and evolution of 



Wongtrakul et al. 

glutathione transferases : implications for 
classification of non-mammalian members of 
an ancient enzyme superfamily. Biochemical 
Journal 360: 1-16. 

Tang AH, Tu CPD. 1994. Biochemical 
characterization of Drosophila glutathione S- 
transferase Dl and D21. Journal of Biological 
Chemistry 269: 27876-27884. 

Tu CPD, Akgul B. 2005. Drosophila 
glutathione S-transferases. Methods in 
Enzymology 401: 204-226. 

Udomsinprasert R, Bogoyevitch MA, 
Ketterman AJ. 2004. Reciprocal regulation of 
glutathione S-transferase spliceforms and the 
Drosophila c-Jun N-terminal Kinase pathway 
components. Biochemical Journal 383: 483- 
490. 

Weston CR, Lambright DG, Davis RJ. 2002. 
Signal transduction. MAP kinase signaling 
specificity. Science 296: 2345-2347. 

Wu Y, Fan Y, Xue B, Luo L, Shen J, Zhang S, 
Jiang Y, Yin Z. 2006. Human glutathione S- 
transferase Pl-1 interacts with TRAF2 and 
regulates TRAF2-ASK1 signals. Oncogene 
25: 5787-5800. 

Xue B, Wu Y, Yin Z, Zhang H, Sun S, Yi T, 
Luo L. 2005. Regulation of 
lipopolysaccharide-induced inflammatory 
response by glutathione S-transferase PI in 
RAW264.7 cells. FEBS Letters 579: 4081- 
4087. 

Yang Y, Parsons KK, Chi L, Malakauskas 
SM, Le TH. 2009. Glutathione S-Transferase- 
asl regulates vascular smooth muscle cell 
proliferation, migration, and oxidative stress. 
Hypertension 54: 1360-1368. 



Journal of Insect Science | www.insectscience.org 



Journal of Insect Science: Vol. 12 | Article 107 Wongtrakul et al. 

Yasuda S, Sugiura H, Tanaka H, Takigami S, 
Yamagata K. 201 1. p38 MAP kinase 
inhibitors as potential therapeutic drugs for 
neural diseases. Current Medicinal Chemistry 
- Central Nervous System Agents 1 1 : 45-59. 

Yin Z, Ivanov VN, Habelhah H, Tew K, 
Ronai Z. 2000. Glutathione S-transferase p 
elicits protection against H 2 C>2-induced cell 
death via coordinated regulation of stress 
kinases. Cancer Research 60: 4053-4057. 

Yong HY, Koh MS, Moon A. 2009. The p38 
MAPK inhibitors for the treatment of 
inflammatory diseases and cancer. Expert 
Opinion on Investigational Drugs 18: 1893- 
1905. 

Zarubin T, Han J. 2005. Activation and 
signaling of the p38 MAP kinase pathway. 
Cell Research 15: 11-18. 

Zhao X, Fan Y, Shen J, Wu Y, Yin Z. 2006. 
Human glutathione S-transferase PI 
suppresses MEKK1 -mediated apoptosis by 
regulating MEKK1 kinase activity in HEK293 
cells. Molecules and Cells 21: 395-400. 



Journal of Insect Science | www.insectscience.org 



12 



